A multi-block-and overset grid-based computational fluid dynamic (CFD) study is conducted for the unsteady flows about a realistic body-wing model and the force-generation in the flapping flight of hawkmoth hovering. Computations are performed with the geometric-and-kinematic model constructed based on the experimental data of a real hawkmoth. The computed results demonstrate the presence of interaction among the leading-edge vortex (LEV), the trailing-edge vortex (TEV) and the wing tip vortex (TV), and hence quantify the roles of the vortices in aerodynamic force-generation. Moreover, both inertial and aerodynamic torques and powers are evaluated for the flight maneuver and the cost in hovering flight. Our results indicate that relative roles played by the inertial and aerodynamic torques in the translational phase of the wing motion show distinguishable discrepancy compared with those in the rotational phase of the wing motion; and the aerodynamic power shows much higher magnitude rather than the inertial one, very likely owing to the unsteady mechanisms.
Introduction
Aerodynamics of flapping insect flights have the property of sophisticated aerodynamic force-generation and flight control mechanisms based on unsteady aerodynamic mechanisms (1) , (2) , (3), (4) . Delayed stall, the primary unsteady mechanism, is manifested by the formation of a leading-edge vortex (LEV) on the upper surface of the wing at high angles of attack during the translational phase of wing motion. Therefore a stable attachment of the LEV on the upper wing surface is important for flapping flying insects to produce high lift force (2) . A numerical study on the flow field around a flapping hawkmoth (4) demonstrated that the presence of the LEV with the spanwise flow within the LEV core led to augment of lift production by the delayed stall. Their predictions were proved comparable to the measurements by Berg and Ellington (5) . Other unsteady aerodynamic mechanisms such as the rotational circulation and the wake capture also play considerable roles in lift force production in small insect flights (3) . The conclusions (3) , however, were drawn based on a robotic-wing experiment where the movement of the flapping wing was largely simplified. Recently, Fry et al. (6) investigated the aerodynamics of fruit fly in hovering flight using a dynamically scaled robotic fly with the realistic wing motion and shape. They reported the aerodynamics of the insect flight associated with instantaneous aerodynamic forces, torques and power requirement based on estimation of time-averaged models. Moreover, Bomphyrey et al. (7) visualized the near-field flow around the tethered flight of a real hawkmoth using the digital particle image velocimetry (DPIV)
techniques. However their studies (6) , (7) were unable to investigate quantitatively the mutual relationship between the aerodynamic force-generation and the flow field around flapping wings and body simultaneously. Weis-Fogh (8) and Ellington (9) studied the power requirements of hovering insect flights with methods developed based on steady aerodynamic theory. They concluded that steady aerodynamic theory, which does not account for a time-variant flow field, could only provide a limited prediction of aerodynamic force production, and hence in order to evaluate more comprehensively the lift and power of flapping insects, it was necessary to take the unsteady aerodynamic mechanisms into account. The present study describes a numerical investigation of the flow field around flapping wings and body during hovering flight of the hawkmoth. The geometric model of the wings and body together with the kinematic model of the flapping wings are constructed based on measurements on a real hawkmoth (12) . Computations are carried out by using a multi-block-and overset-grid-based in-house CFD solver. The computations allow investigation of the detailed structures of vortices around flapping wings and body, analysis of the relationship between the flow field and the aerodynamic force-generation, as well as evaluation of forces, torques and energetics of hovering hawkmoth.
Materials and methods

CFD solver for single grid system
The governing equations are the incompressible, unsteady Navier-Stokes(NS) equations, written in strong conservative form for momentum and mass.
where the last term f＝（F+F v , G+G v , H+H v ）expresses the net flux across the cell surfaces. Other terms are defined as In the preceding equations, β is the pseudo-compressibility coefficient, p is pressure, u, v and w are three components of velocity, V(t) is the volume of the cell, S(t) is the surface of the cell, u g is the velocity of the moving grid, n=(n x , n y , n z ) are components of the unit outward normal vector corresponding to all the face of a polyhedron cell, t denotes physical time and τ is pseudo time. Re is the Reynolds number. Note that the term q associated with pseudo time is designed for an inner-iteration at each physical time step, and will vanish when the divergence of velocity is driven to zero in order to satisfy the equation of continuity.
Time-dependent solutions of the incompressible NS equations are formulated in the Arbitrary Lagrangian-Eulerian (ALE) manner using finite volume method and are performed in the time-marching manner using the pseudo-compressibility method, with special treatment of conservation of mass and momentum both in time and in space. A third-order upwind differencing scheme, using the flux-splitting method, is implemented for convection terms in MUSCL fashion. The viscous terms are evaluated using a second-order central differencing method based on Gaussian integration in a manner of finite volume method. An implicit approximation-factorization method, based on Euler implicit scheme, is employed for time integration. More details can be found in Refs. (10) and (15) .
The computational domain about a flying insect generally consists of moving wing surface, fixed body surface as well as upstream and downstream boundaries. At the upstream velocity components are fixed to be zero i.e., u= v= w= 0 while pressure is set at zero. At the downstream zero-gradient condition is taken for both velocity and pressure, i.e., 0 ) ,
.On the wing and body surfaces, the no-slip condition is used for the velocity components. To incorporate the dynamic effect due to the acceleration of the oscillating body, pressure divergence at the surface stencils is derived from the local momentum equation, such that n a n (2) where the velocity (u body , v body , w body ) and the acceleration (a 0 ) on the solid wall are evaluated and updated using the renewed grids on the body surface at each time step.
CFD solver for multi-block-and overset grid system
A computational fluid dynamics solver for multi-body object was developed. The solver enabled us to carry out fluid dynamic computations on complex, oscillating and deforming geometries such as the wings and body of the hawkmoth under consideration. To avoid the extreme effort generally encountered in generating structured grid systems fitting to all the individual bodies, a multi-block method is introduced, which subdivides the object into many parts and treats each part as a block. A single grid is generated for each block separately in the body-fitted manner and a moving overset-grid method is employed to perform communication, e.g., the interpolation of velocities and pressure among overlapping subdomains. The computational mechanical model of wings-body and the multi-blocked overset grid system are illustrated as Fig.1 , in which a global grid and two local grids are generated for the body and the wings, respectively.
The chimera grid-embedding method (11) is used which consists of two principal elements: decomposition of domain into overlapping subdomains and communication among the subdomains. A two-fold solution procedure is given: generation of the composite grid and associated interpolation data and solution of the flow equations on the composite grid. A hierarchical form is introduced ranking the local grid as a lower level of the hierarchy than the global grid that completely envelops it and hence hole regions are formed in both the global grid and the local grid. Since the local grid moves with the wing during flapping motion the holes and the fringe points at the hole boundaries change with time. The time-dependent hole-fringe are updated each time step and the data of velocities and pressure are interpolated among the overlapping region at the hole-fringe points as well as at the outer-boundary points of local grid. The interpolation at the hole-fringe points is implemented using a tri-linear interpolation technique.
Computational geometrical modeling of hawkmoth's body and wings
Geometrical modeling often points to digitizing or segmenting an object, i.e., the 3D shape on the basis of two-dimensional images of the object. The geometric model should not be constructed only for visualizing the object in terms of surface/volume rendering but also be specified for a computational mechanical model of fluid dynamics in flying in terms of domain discretization, i.e., the girding. The geometrical modeling can be clarified in four-folded: 1) imaging, which provides 2D pixel data for 2D slice images or 3D voxel data for 3D images; 2) segmentation of the required object, which points to extracting the configuration of the object in terms of wire frame and/or skeleton model by means of appropriate image-processing technique; 3) smoothing and curve/surface fitting, which are often implemented for the reconstructed model as well as its geometric characteristics like curvature; 4) modeling and domain discretization, which involve surface and/or volume rendering of the reconstructed object as well as the computational domain decomposition in terms of grids. Note that: although the hawkmoth is four-winged, in the present study, for simple purpose, they are modeled as a pair of wing considering that movement of fore-and-hind wing is nearly analogous (12) . We have developed a feasible and efficient computer-aided method that is capable to unify the geometrical modeling and the kinematical modeling associated with three-dimensional flying. The pre-processing, i.e., imaging provides proper and sufficient images to define a spatial curve of the axis, and to identify the relative position and the configuration of each cross section along the axis. Geometric models of the hawkmoth's wings and body ( Fig.1  (b) ) are constructed based on a tracing of the outline of fore and hind wings with the spanwise axis running one-quarter of chord length from the leading-edge and the body of a hawkmoth, Agrius convolvuli. A uniform thickness (0.001×C m ) of the wing is taken but with an elliptic smoothing at the leading and trailing edges and the tips. The geometrical model of the two wings and the body employs the structured O-O type grid system (Fig 1 (b) ).
Kinematical modeling of a hawkmoth's flapping wing and body
The kinematics model of the flapping wings and body is constructed based on the experimental kinematical analysis of a hovering hawkmoth, Manduca sexta, (12) . The kinematics of flapping wings of hawkmoth, Manduca sexta is similar to hawkmoth, Agrius convolvuli, because comparison of their body size, their weight, their wing length and their mean chord length are not enormously different. The body-fixed system(x, y, z) as illustrated in Fig 2 has its origin at the wing base, with the x-axis normal to the stroke plane, the y-axis vertical to the body axis, and the z-axis parallel to the stroke plane. 3D movements of the wing consist of three basic motions (1) flapping in the stroke plane by the positional angle (φ); (2) rotation of wing, about the z-axis, out of the stroke plane on either side described by the elevation angle (θ); (3) feathering of forewing (leading-edge) with respect to the stroke plane by varying the angle of attack of the wing (α). Here, a general definition of the positional angle, the elevation angle and the angle of attack are given in degree using the first three Fourier terms as illustrated in Fig 2: [ ] 6300 and the reduced frequency K is 0.2975. In addition, body angle (χ) is 40 degree and stroke plane angle (β) is 15 degree (12) and the Fourier coefficients φ cn, φ sn , θ cn, θ sn , α cn and α sn are determined accordingly where n is integer varying from 0 to 3.
Evaluation of forces, torques and powers 2.3.1 Inertial and aerodynamic forces
According to the Newton's second low, the non-dimensional inertial force of the wing can be calculated by:
where the density of wing, ρ w is assumed to be constant for each cell, ∆v i is the volume of the cell i, and ) ( * t v i is the computed velocities of the wing at each cell at time t.
The computed aerodynamic and inertial forces are non-dimensionalized and transformed into the dimensional forces by: ∑ = (10) where r i denotes the positional vector of the cell center on the wing surface.
Inertial, aerodynamic and total powers
The inertial power and aerodynamic power are calculated as the scalar product of the velocity and the aerodynamic and inertial forces of the wing:
Furthermore, the muscle-mass-specific powers can be calculated as:
where the mass of flight muscle, M m , is assumed to contribute up to 23% of the total body mass (1) . The total muscle-mass-specific power P total is the sum of the aerodynamic and inertial powers, such that:
Verification of the solver
An extended analysis on the grid dependency was conducted, showing that a relatively coarse grid system (wing grid: 33×35×19, body grid: 33×35×35) achieved reasonably accurate solutions for the present study (Fig 3 (a) ). Discrepancy of the lift, the sideslip force and the drag coefficients between this grid system and a finer grid system (wing grid: 45× 45×31, body grid: 45×45×95) was merely less than 2%. Furthermore, influence of the time step on the time course of the force coefficients was investigated by testing two time steps of 0.01 and 0.005, and the time step dependency is obviously almost invisible when it is less than 0.01. Thus a computational time step with a relatively larger value of 0.01 was used throughout for all the simulations.（Fig 3 (b)) 
Results and Discussions
Validation
In our previous study, a serious of validation tests have been carried out and have demonstrated that an in-house CFD solver for the single grid system is robust and capable of reasonably estimating unsteady aerodynamics in the moving objects (13) , (14) . Moreover, it have also demonstrated as being able to provide not only reasonable prediction of the unsteady flow field around a flapping wing but also quantitatively satisfactory evaluation of the aerodynamic force produced by a flapping wing in hovering hawkmoth flight (4) . In our recent study (15) , our in-house CFD solver for the multi-block system predicted the reasonable estimation of instantaneous hydrodynamic forces which is good agreement with experimental results on a swimming fish robot. In the present study, a computed averaged lift force (17mN) over a flapping cycle using the multi-block-and overset grid-based in-house CFD solver is calculated to be comparable to the weight (14.7mN) of the hawkmoth. Figure 4 shows iso-vorticity surfaces about the flapping wings and body over one flapping cycle. In the following, we compare our present results with previous ones (4) with consideration of the interaction of the vortical structures and the unsteady flow field. Downstroke
Visualization of vortical structure around the flapping insect
During the early downstroke, a vortex around the wing edge is created accompanying the flapping wing motion. When the wings accelerate, the vortex separates into three vortices, namely the leading-edge vortex (LEV), the trailing-edge vortex (TEV) and the wing tip vortex (TV). As illustrated in Fig 4 (a) , the LEV with the maximum size on the upper surface of a wing is detected when the positional angle of the wing approaches zero at the middle of the downstroke. The LEV is broken down at the location 70-80% of the wing length distal from the wing base. The present LEV is similar to the LEV depicted by a previous study (4) , especially in respect of the LEV shape. The TEV may detach from the wing along with the acceleration of the wing during the downstroke, and then connects to the TV forming a combined vortex. The LEV, the TV and the TEV connect with each other to form a continual vortex chain along the wing edge, similar to an early experimental observation (16) . A vortex chain of such kind is considered to facilitate the downward flow and thereby may improve the effectiveness of aerodynamic force generation. Supination
When the positional angle of the wings changes from -36.7°to -46.4°while the angle of attack of the wings changes from -17.2°to 60.2° (Fig 2 (b) ), the preceding LEV still stays attached and a new LEV is created, stretching from the wing tip to the wing base. Meanwhile, the TV detaches from the wing and stays in an area immediately distal to the back side of the wing. The shedding TEV flows toward the body hip along the body surface. Moreover a stopping vortex is created around the trailing-edge (Fig 4 (b) ). These observations were not presented in the study (4) because only a single wing model without considering the body was used. During the latter half of supination, when the wing translates upwards, rotates, and increases its angle of attack, a vortex is created around the wing edge (Fig 4 (c) ).The vortex is developed from the wing tip to the wing base due to wing kinematics. Furthermore, the wake capture is observed as well, which, according to the computed results, very likely extends less influence on the aerodynamic force-generation at the supination (Fig 5) . Upstroke
As illustrated in Fig 4 (d) , the LEV with the maximum size appears again when the positional angle of the wing equals to nearly zero during the upstroke. Although the appearance of large scale LEV is in a similar fashion to that during the downstroke, the size of the LEV is evidently smaller than that of the LEV created during the downstroke. Since the size of the LEV is an important determinant of lift force-generation, it is reasonable to speculate that the upstroke is less effective than the downstroke in lift force generation. Similar LEV patterns have been reported in Ref. (4) despite that the experimentally depicted LEV is two-dimensional in structure due to the small angle of the attack with respect to the local flow (4) . The large scale TV and the shedding of the TEV accompanying the wing acceleration are also predicted. Moreover, the break-down of the LEV does not occur due to the difference of the TV shape and the LEV size. An interesting finding is that the shedding TV and attached TV on the wing surface are continuous. Such a continuous TV has never been visualized by DPIV (7), (17) or any other previous experiments (2) , (3), (5), (16) . Pronation
As the positional angle of the wing ranges from 51.6°to 48.7°while the angle of attack of the wing varies between 46.2°to -46.2°, the LEV and the TV interact with each (e) φ ＝63.6° other at the location 70-80% of wing length distal from the wing base. This makes the LEV become unstable and substantially the LEV begins to shed off. The continuous TV on the wing is observed till the early pronation. In addition, a stopping vortex is found around the wing edge (Fig 4 (e) ). In the late phase of the pronation, a starting vortex is created around the wing edge and the TV is shed out and pushed towards the body hip. The presence of wake capture is not predicted at the pronation (Fig 4 (f) ) and hence the computed aerodynamic forces are little (Fig 5) . This detailed vortical structure has not been observed because almost previous studies (2) , (3), (5), (7), (16), (17) did not give attention to the flow structure around the flapping wings and the body at the pronation.
Evaluation of aerodynamic forces
Negative pressure regions on the wing surface are detected beneath the vortices, which contribute importantly to the lift-generation. The attached LEV, created by the delayed stall (1) , (2), (4), (5) , is a powerful dominant vortex for producing aerodynamic forces during both the down-and upstrokes. The instantaneous vertical (lift) and horizontal (drag and thrust) forces are estimated by Eq. (7) and plotted in Fig 5. The computed results show that remarkable vertical forces of the hovering hawkmoth are produced during the translational phase of wing motion, i.e., the downstroke and the upstroke. Specifically, at both the mid-down-and the mid-up-stroke the instantaneous vertical force reaches the maximum value due to the large scale LEVs (Fig 4 (a) and (d)). The reason why the peak vertical force generated during the upstroke is lower than that generated during the downstroke is because a more intense LEV is produced during the downstroke (Fig 4 (a) and (d)) .
The computed results demonstrate that aerodynamic force production of the hovering hawkmoth follows a general pattern that the lift is produced mainly during the downstroke and partially during the upstroke with the delayed stall, and the drag is produced exclusively during the downstroke, and in contrast the thrust is produced purely during the upstroke. This instantaneous force-generation pattern is analogous to that of the hummingbird (17) .
Moreover at the mid-pronation and mid-supination, the aerodynamic forces are obviously much less because there is no attached intense LEV observed on the wing surface (Fig 4 (b) , (c), (e) and (f)).
Evaluation of aerodynamic and inertial torques of wing
Sun et al. (18) calculated analytically the inertial torque assisted with the acceleration and deceleration of the wing, and estimated numerically the aerodynamic torque due to the aerodynamic forces for fruit fly wing model using an idealized wing motion. Their results revealed that the inertial torques of wings were approximately zero during the mid-stroke when the wing velocity is constant. Wang et al. (19) analyzed the inertial torque of fruit fly wings in an idealized hovering wing motion with a mathematical multi-body dynamic modeling system. Their results (19) showed that the resultant torque of both rolling and yawing was canceled out and the pitching inertial torque is the only inertial torque remained in a perfect bilaterally symmetrical flapping motion, which dominates the oscillating In the present study, we, for the first time, utilizes the realistic wing motion of hawkmoth hovering. We defined also three component torques in the global coordinate(X, Y, Z) (Fig 2) based on the aerodynamics and inertial forces of wing, namely rolling (about X-axis), pitching (about Y-axis), yawing (about Z-axis) torques, respectively, and estimated them using Eqs. (9) and (10) . The computed inertial toques of wings are comparable to the results of pitching torques reported in Ref. (19) , and other torques are canceled out due to the perfect bilaterally symmetrical flapping motion. Figure 6 shows the time variation of the computed pitching torques of one wing. The aerodynamic pitching torque (APT) of the wing is produced by the aerodynamic forces changing in a wide range from -0.3(mN･m) to 0.2(mN･m) during a flapping cycle. At the early pronation the APT reaches the largest negative value due to the large lift force production. The APT makes the body attitude tends to nose-up during the early downstroke. On the other hand, the inertial pitching torque (IPT) of the wing varies from -0.18 (mN･m) to 0.2 (mN･m) over a flapping cycle. The IPT reaches a remarkably large value during the supination and the pronation due to the acceleration and deceleration of the wing. Besides the findings reported in a previous study (18) , the present computations additionally reveal, by using realistic wing kinematics, that the instantaneous IPT depends not only on the rotational motion of the wing but also on the translational motion of the wing. In comparison with the IPT, the APT acts more dominantly on wings during the downstroke. However, they become the same order during the supination and the pronation. It is found that flight maneuvers such as steeping-turn, saccade and so on, may be dominated not only by the APT but also by the IPT. Total pitching torque of the wing (TPT) can be calculated as the sum of the APT and IPT. The TPT contributes significantly to the time variant body attitude and hence flight maneuvers.
Evaluation of aerodynamic and inertial powers of wing
The power of flapping flight is an important factor for evaluating flight performance. Based on the computed instantaneous aerodynamic forces and the wing velocities, the instantaneous inertial and aerodynamic powers are calculated over a cycle of the flapping wings (Fig 7) . The muscle-mass-specific aerodynamic power P aero is the power required to overcome air resistance (Eqs. (11) and (13)). The P aero reaches a maximum value in the late phase of both the downstroke and the upstroke. During the translational phase of the wing motion, the insect undergoes costly aerodynamic power of the wings due to high-aerodynamic force production. The computed mean muscle-mass-specific aerodynamic power (90 Wkg -1 ) is approximately the same with the previous experimental results (1) .
The muscle-mass-specific inertial power P iner is the power needed to accelerate the mass of the wing (Eqs. (12) and (14)). It is lower in magnitude compared to the aerodynamic power and shows a different time variation pattern. The P iner increases as the wing accelerates, and decreases when the wing decelerates. Note that the negative sign of P iner means that the direction of the forces acting on the wing is opposite to that of the wing Total muscle-mass-specific mechanical power, P total , is the mechanical powers required to move the wings. It is calculated by summing P iner and P aero (Eq. (15)). Peaks of P total appear in the early phase of the down-and up-strokes. The P total becomes negative in the late upstroke as the decelerating wings produce less power than is required to overcome the inertial forces. The computed time course of P total is in qualitative agreement with the experimental results (7) .
Conclusions
To investigate the detailed vortical structure about a hovering hawkmoth and to evaluate the aerodynamic and inertial forces, torques and energetics, an in-house CFD solver is used with the kinematic-and-geometric model constructed based on the measurements of real hawkmoth. The structure of LEV plays a key role in aerodynamic force-generation in the hovering hawkmoth flight. In comparison with the previous study (4) , the structure of the LEV is similar; while the structure of TEV and TV are predicted in more detail in the present study by using a two-wing and body model. The present study also predicts a unique vortex wake structure during both the down and upstrokes. However, the present study seems not able to support the conclusion of Dickinson et al. (3) that wake capture and rotational circulation mechanism induced prominent augment of aerodynamic force production. A comparative analysis of the APT and IPT reveals that the APT dominates the pitching motion of the body during the downstroke and the upstroke; however the roles of the APT and IPT in the pitching motion of the body become almost the same order during the supination and the pronation. Moreover, the computed TPT shows that the insect body surely experiences a longitudinal oscillation over the duration of a flapping wing in hovering hawkmoth flight. Estimation of the powers indicates that hawkmoth consumes mainly to overcome air resistance, i.e. aerodynamic power. The computed mean aerodynamic power is in good agreement with the experimental result (1) .
The prediction of mechanical specific power shows that hawkmoth may consume little power at both the middle-pronation and supination. A main limitation of our study is that wing deformation is not accounted for; however, leaving wing deformation out of consideration seems unlikely to elicit significant error in predictions of the flow field and the force-generation that are much more sensitive to the geometric structure of the insect and determined by the flapping mode of the wings.
The CFD simulation can not only provide detailed information on the unsteady, complex vortical flow during one complete flapping wing motion but also compute the aerodynamic and inertial forces, torques and powers in insect flapping flight. It could be a helpful and powerful tool for research into animal flight as well as for development of bio-inspired micro air vehicle(MAV). 
